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CHAPTER I 
GENERAL INTRODUCTION 
Soybean [Glycine max (L.) Merr.] is virtually an obligate self-pollinated species, and 
also due to the time required for hand pollinations, most commercial soybean cultivars are 
pure lines, which have been developed using some form of pedigree breeding (Burton and 
Carter, 1983). However, hybrid soybean could be a reality if: 1) there was an efficient 
method of pollen transfer from a male to a female parent to facilitate large-scale production 
of hybrid soybean seed; and 2) sufficiently high heterosis expression to warrant hybrid seed 
programs (Pascal and Wilcox, 1975). Palmer et al. (2001) summarised the components for 
the successful development of commercial hybrid soybean. The authors included, parental 
combinations that produce heterosis levels superior to the best pure-line cultivars, a stable 
male-sterile, female-fertile sterility system, a selection system to obtain 100% female (pod 
parent) plants that set seed normally and can be harvested mechanically, an efficient pollen 
transfer mechanism from pollen parent to pod parent, and an economical level of seed 
production increase for the seedsman and growers. 
Male sterility is the result of perturbation of any of the coordinated flower 
developmental events, such as formation of stamens and anthers from the vegetative 
meristem, development of pollen grains inside the anther locules, and timely release and 
deposit of pollen onto the stigma (Chaudhury, 1983). On the basis of inheritance patterns, 
there are two main types of male sterility: 1) genetic or nuclear male sterility (gms) and 2) 
cytoplasmic male sterility (ems) (Kaul, 1988). Nuclear male sterility is controlled by male-
sterile mutant genes (ms), which are predominantly single recessive genes, i.e. in Glycine 
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max and Oriza sativa (Koh et al., 1999). There are also a few genes that are dominant (Ms) 
as found in Phaseolus vulgaris, Triticum aestivum, and Helianthus annuus (Kaul, 1988; 
Perez-Vich et al., 2005). 
Brim and Young ( 1971) reported that in a nuclear male-sterile soybean, 99 percent of 
the seed set on the male-sterile plants was due to cross-pollination, although total seed set 
was extremely low. Even though soybean male-sterile mutants have not been used for 
commercial production of hybrid seed, there are numerous research reports on these nuclear 
gene mutations. These include ms] , ms2, ms3, ms4, ms5, ms6, ms7, ms8, and ms9 (Palmer et 
al., 1992; Palmer, 2000; Palmer et al., 2004). Also new mutations causing male sterility in 
soybean are present and are being detected, such as the mutant BR97-17773 9 that 
specifically affects the generative cell (Bione et al., 2002). 
An efficient nuclear male-sterile system for hybrid seed production in soybean would 
involve finding a closely linked phenotypic marker; so male-sterile, female-fertile plants 
could be readily distinguished from normal plants in segregating populations (Koh et al., 
1999). Other requirements would also contribute to an efficient system, such as localization 
of male-sterile, female-fertile genes on the soybean molecular map (Cregan et al., 1999), and 
identification of linked molecular and/or phenotypic markers that would facilitate early 
identification of the male-sterile genes in breeding programs. Molecular markers, e.g. simple 
sequence repeats (SSRs) or microsatellites, are one possibility for improving the efficiency of 
conventional plant breeding by carrying out selection not directly on the trait of interest but 
on molecular markers linked to the trait without being regulated by the environment (Mohan 
et al., 1997). 
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The SSRs are DNA sequences that consist of two to five nucleotide units such as 
(AT), (ATT), and (ATGT), tandemly repeated (Cregan and Quigley, 1997). These sequences 
are amplified by PCR with primers that are complementary to the conserved sequences that 
flank an SSR locus. Thus, SSR length polymorphism is detected when the PCR products 
from a particular locus differ in length, so this type of genetic marker can be placed on 
genetic maps in relation to other SSRs (Akkaya et al., 1992). These markers are abundant and 
highly polymorphic in soybean, and the information content of an SSR locus as a genetic 
marker is directly proportional to the number and frequency of alleles present in a 
population, known as the percentage of polymorphism (Brown et al., 1996). 
Polymorphic fragments (alleles) that result from variations in SSR repeat lengths are 
separated electrophoretically to display genetic profiles of individuals. SSR alleles typically 
show monogenic-codominant inheritance that enables classification of homozygotes and 
heterozygotes in segregating populations (Narvel et al., 2000). This eliminates the multiple 
banding patterns and the resulting complexity that exists with other molecular markers such 
as restriction fragment length polymorphism (RFLP) analysis or random amplification of 
polymorphic DNA (RAPD). The simplicity of the banding pattern and the multi-allelic 
nature of SSR loci are extremely useful in the interpretation of segregation data (Diwan et al. , 
2000). 
Cregan et al. ( 1999) developed a set of SSRs markers in soybean that could be used 
under a standard set of amplification conditions, and mapped those SSR loci in three existing 
mapping populations. They attempted the alignment of homologous linkage groups and the 
identification of the 20 consensus linkage groups that corresponded to the 20 pairs of 
soybean chromosomes, recognized today as the integrated genetic map of the soybean 
4 
genome. With this map and using SSRs, many loci have been mapped. Among them, the 
resistance Cercospora sojina locus (Rcs3) reported to condition resistance to frogeye leaf 
spot (Mian et al., 1999), brown stem rot loci (Rbs1 and Rbs2) which condition resistance to 
the soil-borne fungus Phialophora gregata (Bachman et al., 2001 ), the fasciation mutation 
locus (j) responsible for pleiotropic effects on plant development and pattern formation in 
soybean (Karakaya et al., 2002), and the W4 locus which has a major effect on the 
biosynthesis of anthocyanin in soybean flowers and hypocotyls (Xu and Palmer, 2005). 
SSRs markers also have been used to determine the genetic map location of several 
fertility/sterility mutants in soybean. Jin et al. (1998) reported that DNA markers linked to 
the male-sterile locus (msMOS) provided a useful approach for early and accurate 
identification of lines carrying a male-sterile allele. Kato and Palmer (2003a) found that the 
Fspl locus, which determines female partial-sterility in soybean, was located on molecular 
linkage Dlb+W. RFLP, and SSR markers were used to map an asynaptic mutation (st8 
gene), which results in male and female sterility, localized to molecular linkage group J 
(Kato and Palmer, 2003b). In addition, a close linkage of the male-sterile, female-fertile ms6 
allele [pleiotropic effect on flower size with wl locus (flower color)] (Skorupska and Palmer, 
1989) may have use in soybean breeding. The co-segregation method employed this close 
linkage to produce large quantities of hybrid seed for test cross, heterosis, and recurrent 
selection studies (Lewers et al., 1996). 
The ms2(A00-39), ms2(A00-63), ms3, and ms9 are nuclear gene mutations inherited 
as monogenic recessive traits. Male-sterile lines used in my research had displayed very low 
[ms2(A00-63)], and very high seed sets [ms2(A00-39), ms3, and ms9] with insect pollinators, 
on previous evaluations (Ortiz-Perez et al., 2004). The ms2 (A00-39) mutant was found in 
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1999 among progeny of a germinal revertant of T322 ( w4-m ), identified as ARS-10-483 
(R.G. Palmer, personal communication, 2003). Bored upon anther phenotype, A00-39 was 
suspected to be an allele at the ms2 locus (R.G. Palmer, personal communication, 2003). 
Minsoy (MsMs), which has high levels of molecular polymorphism compared to the male-
sterile lines, was used as female or male parent. 
The main objective of the research was to molecularly map male-sterile, female-
fertile genes ms3 and ms9, to determine their chromosome locations, and to verify the 
previously reported ms2 gene chromosome location. 
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CHAPTER II 
MOLECULAR MAPPING OF THE MALE-STERILITY LOCUS ms3 
Introduction 
Male sterility mutations of the nuclear type in self-compatible plants, such as 
soybean, make reference to a plant with impaired pollen function but normal female fertility 
(Chadhury, 1983). These nuclear mutations are classified as synaptic, structural, male-partial 
sterile or female-partial sterile, and completely male-sterile, female-fertile (Palmer et al., 
2004). 
The male-sterile, female-fertile ms3 mutant has normal meiosis I and II. Microspore 
degeneration precedes tapetal breakdown; therefore microspore and tapetum degeneration 
prevents formation of pollen at anthesis. The ms3 mutant is inherited as a single recessive 
nuclear gene (Palmer, 2004) that has not been mapped by classical or by molecular 
methodologies. However, genetic studies revealed no linkage between ms3 and flower color 
(WI) or between ms3 and pubescence color Tl (Palmer et al., 1980). 
There are no reports of DNA markers linked to male-sterility genes in soybean; 
however, the female-partial sterile 1 (Fspl) mutant was located on molecular linkage group 
(MLG) Dlb of the USDA-ARS-ISU map. In cross-pollinations, this mutant was expressed in 
the heterozygous condition at a single locus and upon self-pollination the locus exhibited a 
1: 1 segregation pattern (female fertile:female partial-sterile) (Kato and Palmer, 2003a). 
Another important mutant is the Midwest Oilseed male-sterile (msMOS), this was located on 
MLG Dlb of the USDA-ARS-ISU map. It segregates as a single Mendelian locus, is 
expressed in the recessive condition, and is not linked to either WI or Tl (Jin et al. , 1998). 
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The objective was to molecularly map the ms3 locus to a chromosome location and to 
define genetic distances between molecular makers. 
Materials and Methods 
A segregating F1 population derived from a single F 1 seed was developed from the cross 
of cultivar Minsoy (PI 27890) x T284H, Ms3ms3 (A00-68) (Table 1). Fertile plants in a 
segregating progeny of T284H were used as male parents. This cross will be designated as 
Minsoy x Ms 3ms 3 for this study. Minsoy (MsMs ), which has high levels of molecular 
polymorphism compared to the Ms3ms3 line, was used as female parent because it sheds 
very little pollen. The male-sterile, female-fertile ms3ms3 soybean line was selected because 
it displays high out-crossed seed set in the presence of insect pollinators (Ortiz-Perez et al., 
2004). 
During summer 2004, segregating F2 seeds of the cross Minsoy x Ms3ms3 were grown at 
the Bruner Farm near Ames, IA. About 220 seeds of each F2 family were planted at a 
distance of 15 cm between seeds. Germination percentage was assumed at 80%, thus 
approximately 176 plants composed the family. 
At beginning of flowering, stage Rl (Fehr and Caviness, 1979), flowers of 5 to 10 plants 
per F2 family were collected to identify presence/absence of pollen. On that basis, only one 
segregating F2 family was selected as the mapping population, which consist of 150 
individual plants. Individual plants of the selected population were identified, and an ID 
number (C04-ms3-l to C04-ms3-150) was assigned to each individual plant. Two-three of 
the youngest trifoliolates of each of the 150 plants were collected and stored in individually 
labeled plastic bags, placed on ice, and freeze-dried for 48 - 72 h. Dry leaves were 
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transferred to a 15 mL sterile propylene sample tube containing sterile small size glass pearls, 
and shaken for 90 s at high speed in a paint shaker. The dried leaf tissue, approximately 10 g, 
was kept in -80°C until DNA extraction. 
Also during summer 2004, 50 seeds of each ofMinsoy and T284H, used as female and 
male parents, were planted in the USDA greenhouse at Iowa State University to collect 
trifoliolates that were bulked. The same procedures used to process leaves from the F2 plants 
were used to sample the parents. 
To calculate the recombination rate between the msMOS and Fspl loci, a cross between 
msMOSmsMOS x Clark-k2 was made at the Bruner Farm, IA., during summer 2003 (Table 
1). The F 1 seed were planted in the USDA greenhouse in winter 2004. The F2 population was 
planted at the Bruner Farm during summer 2004, where F2 plants were selected at random 
within each F2 family. The plants were fertile (FsplFspl) or partial sterile (Fsplfspl). No 
attempt was made to distinguish between these two phenotypes. A total of 500 F2 plants were 
single-plants threshed. The male-sterile, female-fertile msMOSmsMOS plants were not 
harvested. 
F3 seeds from the 500 F2plants were planted in summer 2005 at the Bruner Farm as F2:3 
families. At maturity, each family was classified as; all fertile plants, segregating fertile 
plants, and sterile plants (msMOSmsMOS), segregating fertile plants and female-partial 
sterile plants (Fsplfspl), or segregating fertile plants, sterile plants, and female-partial sterile 
plants. 
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DNA extraction 
The protocol for DNA extractions followed the procedure of Kato and Palmer (2003a; 
2003b; 2004). The extraction buffer was preheated for 10 min at 62 - 65°C [10% CTAB 
(hexadecyltrimethyl ammonium bromide), 1% 1-10 phenanthroline, lMTris-HCL, 0.5M 
EDTA pH 8.0 and 5MNaCl] plus 1000:1 of ,B-mercaptoethanol, adding 3 mL of this 
extraction buffer to each sample tube. Sample tubes were mixed until a homogeneous 
solution was achieved, and incubated at 62 - 65°C in a water bath, shaking the samples every 
15 min. After 1 h this procedure was completed, tubes were left at room temperature for 10 
mm. 
Subsequently, we added 20 mL chloroform: isoamy 1 alcohol (24: 1) into each sample in 
the hood, and tubes were gently mixed by hand. Sample tubes were placed in an orbital 
shaker for about 30 min, until the color of the upper layer was visually lighter than that of the 
bottom layer, and the sample was centrifuged at 4-10°C at 2,800 rpm for 15 min. Afterwards, 
the upper layer was transferred to a new 15 mL tube. 
To precipitate the DNA, 3 to 4 mL of cold isopropanol (-20°C) were added to the tube, 
the tubes were gently inverted and incubated at room temperature for at least 20 min. The 
next step was to hook the DNA out using a sterilized Pasteur pipette. The DNA was placed 
into another 15 mL tube containing 7 .5 mL of 80% ethanol /15rnM NH4Ac, which was gently 
shaken on an orbital shaker to wash the DNA for at least 30 min. We hooked the DNA out 
into a 1.5 mL Eppendorftube with 1 mL 80% ethanol to wash it for 30 min. The DNA was 
spin down, the ethanol poured out, and the tube placed under the hood for 1 h to dry. 
The last step was to dissolve the DNA in 1 mL TE buffer [Tris (hydroxymethyl 
aminomethanol ethylenediamin tetracetic acid)] (pH 8.0). The samples were allowed to stand 
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for 15 days, at which time DNA concentration of each sample was tested. We diluted the 
DNA to obtain a concentration of 10 ng/µL for PCR analysis. Remnant DNA was kept at -
80°C for future use. 
SSR analysis 
The 150 F2 plants of the Minsoy x Ms3ms3 cross were screened using single sequence 
repeats (SSRs) markers. A total of 231 markers were selected from the 20 soybean linkage 
groups (Cregan et al. , 1999), using as criteria for selection an approximate distance of 25 cM 
between each marker. 
At maturity, each plant was phenotypically scored as either sterile or fertile. This 
provided necessary information to make an initial screening using DNA of the two parents 
and DNA of the two contrasted bulks. The contrasted bulks were DNA of plants with the 
sterile genotype, and the other bulk was DNA of plants with the fertile phenotype. The initial 
molecular screening was made using the two parents and the two contrasted bulks for each 
SSR marker to find polymorphisms between parents and to identify the SSR markers that 
could be linked to the ms3 locus (Michelmore et al., 1991 ). After this screening, linkage 
between ms3 locus and the SSR markers Satt141 , Satt266, Satt542, Satt157, Sat_373, and 
Sat 351 was identified; all of them corresponding to Molecular Linkage Group (MLG) Dlb. 
The selected markers were used to screen individual F2 plants. 
Each PCR reaction mixture had a volume of 13.75 µL composed of 1.5µL of lOx buffer, 
1.0 µL ofMgCb, 1.0 µL of dNTP, 1.0 µL autoclaved filtered water, 0.05 µL Tag polymerase 
(Bio line, Inc., Randolph, MA), 4.6µL of primer (lµM), and 4.6µL of template DNA. A 
mi crop late of 96 samples containing the reaction mixture was vortexed for 3 s to mix well the 
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reaction solution. This mi crop late was collocated to the PTC-1 OOTM Programmable Thermal 
Controller (MJ Research, Inc. , Waltham, MA), using 45 sat 94°C, 45 sat 47°C, and 45 sat 
68°C for 32 cycles. 
After PCR, the band patterns were checked by 2, 3, 4, or 5% agarose gels (Agarose 3: 1, 
Amresco Inc. , Solon, OH), in l x TBE buffer [10 x TBE buffer (108 g Tris, 55 g boric acid, 
and 40 mL EDT A in 1 L deionized distilled water)]. The percentage of agarose gels 
depended on the difficulty of band separation. Also, samples were run at 200-250 V/10 cm, 
and checked under UV light. 
Progeny Testing 
F3 seeds from individual F2 fertile plants were harvested, and planted in summer 2005 at 
the Bruner Farm. Segregation for fertility/sterility in the progeny rows was used to determine 
the genotype of each fertile F2 plant. The expected phenotypic ratio in the F2 generation was 
3: 1 (male-fertile:male-sterile plants), and the expected genotypic ratio of the F2:3 population 
was 1:2:1 (Ms3Ms3 :Ms3ms3:ms3ms3). 
Data analysis 
Each plant in the population was scored according to alleles at the locus defined by the 
probe, i.e., a score of A was assigned ifthe plant was homozygous dominant, B if it was 
homozygous recessive, and H if it was heterozygous for the locus of interest. After scoring 
the population, recombination values were calculated to determine if a specific primer was 
linked to the gene of interest, using the Linkage-I program (Suiter et al., 1983). 
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Mapmaker V3.0 (Lander et al., 1987) program was used to make the final map, and a 
minimum logarithm of the odd ratio (LOD) score of 3 was used for accepting linkage 
between two markers as indicated by Kato and Palmer (2004). Recombination frequencies 
were converted to map distances in centiMorgans using Kosambi map function (Kosambi, 
1944). JoinMap® 3.0 (Van Ooijen and Voorrips, 2001) was used to make an integrated map. 
Percentage ofrecombination between the Fspl and msMOS loci was calculated from the 
classification data F2:3 families. Appropriate coefficients were derived as shown Mahama et 
al. (2002). 
Results 
The Chi-square calculations corresponding to the F2:3 population's progeny test and the F2 
population's molecular screenings contained 150 individuals, showed a good fit to the 
genotypic ratio of 1:2:1. The F2:3 segregation for the ms3 gene fit a 1 male-fertile, female-
fertile homozygote:2heterozygotes:1 male-sterile, female-fertile homozygote ratio with;(= 
1.39 and P = 0.47 (Table 2). 
Initial molecular screening of the two parents and of the two contrasted bulks for each 
SSR marker showed 38% polymorphism between the parents of the cross Minsoy x 
Ms3ms3. These results were used to identify the molecular linkage group and SSR markers 
that could be linked to the ms3 locus. Screening of the F2 population indicated linkage 
between the ms3 locus and SSRs markers Sat_351, Sattl57, Satt542, Sat_373, Satt266, and 
Sattl41 on MLG Dlb (Table 2). These markers were used to screen the individual F2 plants 
(Table 2 and Figure la). The initial map made by Mapmaker 3.0 (Lander et al., 1987) 
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showed that the ms3 locus was located between the markers Sattl57 and Satt542, with a 
distance of 21.6 and 13.0cM, respectively. 
Previous results had shown that the female-partial sterile 1 locus (Fspl) (Kato and 
Palmer, 2003a), and male-sterile locus (msMOS) (Jin et al. , 1998) were located in the same 
chromosomal region on MLG Dlb. The original Fspl locus data were used to construct the 
correspondent map (Figure 1 b); then, an integrated map of the ms3 and Fspl loci was 
constructed by JoinMap® 3.0 (Van Ooijen and Voorrips, 2001). The distance between the 
two loci was 23.63 cM (Figure 2a). Subsequently, the ms3-Fspl integrated map was joined to 
the msMOS locus map. The ms3, Fspl, and msMOS loci were effectively localized in the 
same chromosomal region (Figure 2a and 2b ). 
The recombination percentage between the Fspl and msMOS loci was 9.04% (± 0.01), 
calculated by the formula S.E. = (111)112 (Mahama et al., 2002). These loci are shown in 
Figure 2d. 
Discussion 
The ms3 linkage map done by Mapmaker V3.0 (Lander et al., 1987) ofMLG Dlb, 
showed that, with the exception of Sat_373, the SSRs markers had the same order as the 
USDA-ARS-ISU soybean molecular map (Cregan et al., 1999). Map distances between 
markers were different, perhaps because the maps were constructed using crosses with 
different parents. The USDA-ARS-ISU soybean molecular map was constructed using 59 F2 
plants from the interspecific cross of A81-356022 (Glycine max) and PI 468.916 (G. soja) 
(Cregan et al., 1999). The ms3 population used in this study included 150 F2 plants derived 
from the cross Minsoy (Pl 27890) x T284H with both parents being G. max. 
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The Fspl location in MLG Dlb reported by Kato and Palmer (2003a) derived from the 
cross ofMinsoy x Clark-k2, both parents were G. max, showed a difference in the order of the 
SSRs markers Satt350 and Satt141 compared to the USDA-ARS-ISU soybean molecular 
map (Cregan et al., 1999). However, the Fspl map location was confirmed in the present 
study by the re-construction of the map. 
In addition, the msMOS linkage mutation, which originated from the cross ofMinsoy x 
MOS (527-8 x 91133), was located on the linkage map at MLG Dl b between the SSRs 
markers Satt157 and Satt412 (Jin et al., 1998), although Satt412 had not been included in the 
USDA-ARS-ISU map ofMLG Dlb. 
The integrated map of the ms3 and Fspl loci showed a different SSR order and map 
distances compared to the USDA-ARS-ISU soybean molecular map ofMLG Dlb. This 
integrated map displayed a shorter chromosomal region in comparison with the independent 
molecular maps made by Mapmaker V3.0 (Lander et al. , 1987). The Joinmap showed that the 
three loci, ms3, Fspl, and msMOS have a common marker, Satt157 (Figure 2), suggesting 
that there is not a small inversion adjacent to or a small chromosome deletion in this region 
ofMLG Dlb. 
Populations used to map the ms3, Fspl, and msMOS loci were derived from different 
crosses. Minsoy was a parent in each of the populations and the plants were grown in 
different years. Nevertheless, the three mutations involve sterility, and they are located in the 
same chromosomal region. It might be speculated that the three loci share the same 
chromosomal region due to a yet unknown physiological-metabolical reason. 
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Table 1. The F2 populations for mapping the male-sterile genes on MLG Dlb. 
Cross 
~ r3 
Minsoy x Ms3ms3 (A00-68) 
Minsoy x Clark-k2 
MsMOS x Minsoy 
Source of the 
male-sterile 
mutant 
T284H* 
L67-3483** 
527-8 x 91133*** 
*Genetic Type collection number; USDA-ARS, Urbana, Illinois. 
**Isoline collection; USDA-ARS, Urbana, Illinois 
***Midwest Oilseed, Inc.; Adel, Iowa. 
Grown 
Summer 
2004 
Spring 
2001 
Fall 
1996 
Population 
size 
150 
141 
107 
Mutant 
Ms3 
Fspl 
msMOS 
Publication 
source 
Present research 
Kato and 
Palmer, 2003a 
Jin et al., 1998 
........ 
\0 
20 
Table 2. Segregation of the ms3 locus linked to SSRs markers on MLG D 1 b in the 
population derived from the cross Minsoy x Ms3ms3. 
Segregation a 
Distance Number of 
Marker A H B :t (1:2:1) p 
(cM) plants 
Sat 351 13.0 36 78 36 150 0.24 0.89 
Satt157 21.6 39 64 47 150 3.87 0.13 
ms3 0.00 36 70 44 150 1.39 0.47 
Satt542 13.1 38 78 34 150 0.48 0.80 
Sat 373 11.9 36 75 39 150 0.12 0.94 
Satt266 28.3 38 68 44 150 1.69 0.41 
Sat141 13.2 36 80 34 150 0.74 0.70 
a Genotypes: A, homozygous for the allele from Minsoy; H, heterozygous; B, homozygous for the 
allele from the ms3 locus. 
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MLGDlb 
Sat_35 I Sattl57 
5.3-
13.0- Fspl Satt266 
Sattl41 
Sattl 57 Satt350 
21.6 -
29.5 -
ms3 
13.1- Sattl 72 
Satt542 16.4 -
11.9 -
Satt274 
Sat_373 
22.9 -
28.3 - Satt271 
Satt266 
13 .2-
Satt141 
a) b) 
7.9 -
10.8 -
30.0 -
15 cM 
I.I -
3.4 -
c) 
Sattl57 
msMOS 
Satt412 
Bngo47D 
Satt005 
Satt290 
Figure 1. Soybean maps of molecular linkage group D 1 b constructed with MapMaker: a) 
Male-sterile ms3 (ms3) locus, cross Minsoy x Ms3ms3; b) Female-partial sterile 1 (Fspl) 
locus, cross Minsoy x L67-3483 (Kato and Palmer, 2003a); c) Midwest Oilseed male-sterile 
mutant (msMOS), cross msMOS x Minsoy (Jin et al., 1998). Note that Sattl57 is a common 
linked marker in the three populations. Distances shown in centiMorgans ( cM). 
1.51-
2.14 -
2.23 -
1.93 -
6.8 1 -
12.66 -
9.05 -
8.65 -
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a) b) 
MLGDlb 
Sattl 57 Fsol 
9.04% ± 0.01 
"'------
msMOS,~~~~~~~_l_ 
msMOS 
Satt412 
Bngo47D 
Satt005 ScM 
Satt290 
c) d) 
Figure 2. Soybean maps of molecular linkage group Dlb constructed with JoinMap. a) 
Integrated map of ms3 locus, cross Minsoy x Ms3ms3 and female-partial sterile 1 (Fspl) , 
cross Minsoy x L67-3483 (Kato and Palmer, 2003a); b) MLG Dlb from the USDA-ARS-
ISU map (Cregan et al., 1999). c) Midwest Oilseed male-sterile mutant (msMOS), cross 
msMOS x Minsoy (Jin et al., 1998). d) Classical linkage map of Fspl and msMOS loci. 
Distances shown in centiMorgans (cM) for a), b), and c); and as recombination percentage 
ford). 
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CHAPTER III 
MOLECULAR MAPPING OF THE MALE-STERILITY LOCI ms2, AND ms9 
Introduction 
Male-sterile, female-fertile mutations selectively eliminate reproductive function 
while the female reproductive capacity is either unaffected or is only slightly reduced. Cross-
pollinated seed production is only possible if insect vectors and pollen donors are available 
(Graybosch and Palmer, 1988). All mutant genes responsible for male cell and organ 
development are designed as ms genes (Horner and Palmer, 1995), adding numbers to this 
acronym as new mutations are identified. 
The male-sterile, female-fertile ms2(A00-69) mutant is inherited as a single recessive 
nuclear gene (Bernard and Cremeens, 1975; Graybosch et al., 1984), causing abortion of 
microspores at the tetrad stage of development, probably due to abnormalities of the tapetal 
layer where the microspore abortion occurs (Graybosch and Palmer, 1985). The ms2(A00-
39) mutant was found in 1999 among progeny of a germinal revertant ofT322 (w4-m), 
identified as ARS-10-483 (R.G. Palmer, personal communication, 2003). Based upon anther 
phenotype, A00-39 was suspected to be an allele at the ms2 locus (R.G. Palmer, personal 
communication, 2003). 
An isozyme screening of near-isogenic male-sterile soybean lines in an F2 population 
showed association between the phosphoglucomutase (Pgml) and the ms2 loci with an 
estimated map distance of 18.73 cM (± 2.4 cM) (Sneller et al., 1992). 
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Gene ms9 is another male-sterile, female-fertile mutant, with pollen grains similar in 
size to mature pollen grains of fertile plants, although they stained very lightly without any 
evidence of colpi. The ms9 mutant is not allelic to ms2, ms7, or ms8 (Palmer, 2000). 
The objective was to verify the chromosome location of the ms2(A00-63), to 
determine the chromosome location of the suspected ms2 mutant (A00-39), and determine 
the chromosome location of the ms9 mutant. 
Materials and Methods 
Three segregating F2 populations were developed from the crosses of ms2ms2 ASR-10-
483-l(A00-39) x Minsoy, Beeson ms2ms2 L75-0587(A00-63) x Minsoy(PI 27890), and of 
the cross of Minsoy x T359H Ms9ms9(A00-73) (Table 1). The male-sterile, female-fertile 
ms2 soybean lines were selected as female parent, while Ms9ms9 plants was used as male 
parent. The Beeson ms2(A00-63) line displayed very low seed set; ms2(A00-39), and ms9 in 
contrast had very high seed set in the presence of insect pollinators (Ortiz-Perez et al., 2004). 
Minsoy (MsMs), which has a high level of molecular polymorphism compared to the male-
sterile lines, was used as one of the parents in each of the three crosses. It sheds small 
amounts of pollen and was used as male parent in Pop-3 (Table 1). 
For the ms2 gene mapping, two populations were used, both derived from a single F1 
seed. One was derived from the cross of A00-39 x Minsoy, identified as Pop-1 and grown 
during fall 2003 (Table 1). The other F2 population was obtained from the cross Besson 
ms2ms2 x Minsoy during fall 2004, identified as Pop-2 (Table 1). Both F2 populations were 
grown in the USDA greenhouse at Iowa State University. Seeds were placed on germination 
paper, and each seedling was transplanted to individual pots, having 116 plants for Pop-1 and 
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114 plants for Pop-2 (Table 1). Plants were subjected to artificial photoperiod, i.e., 3 weeks 
with l 8h photoperiod, 2 weeks with a photoperiod of 16h, 2 weeks with 14h photoperiod, 
and for the reminder of the growing period until harvest, plants were subjected to 13h 
photoperiod. 
During summer 2004, 220 Fz seeds, derived from a single F1 seed, of the cross between 
Minsoy x T359H, identified as Pop-3 (Table 1), were grown at the Bruner Farm near Ames, 
IA. Seed spacing was 15 cm, and a germination percentage of approximately 80% was 
assumed. The expected number of plants in the F2 population was about 176. 
At stage Rl, beginning flowering (Fehr and Caviness, 1979), anthers from 5 to 10 plants 
per population were collected to identify presence/absence of pollen. On that basis only one 
segregating male-sterile F2 population tracing to just one single F 1 plant was selected as 
population mapping, and referred as Pop-3 (Tablel). Each individual plant of the selected 
populations was identified with an ID number (C03-ms2-1 to C03-ms2-116), (C04-ms2-l to 
C04-ms2-114), and (C04-ms9-l to C04-ms9-148). 
Two to three of the youngest trifoliolates leaves of each of the 116, 114, and 148 plants 
of the three populations were collected, stored in individual labeled plastic bags, placed on 
ice, and freeze-dried for 48 to 72 h. Dry leaves were transferred to 15 mL sterile propylene 
sample tubes containing sterile small size glass pearls, and shaken for 90 s at high speed in a 
paint shaker. The dried leaf tissue of each plant, approximately 10 g, was kept in at -80°C 
until DNA extraction. 
Also during summer 2004, 50 seeds of each of the parent lines used to develop the 
populations were planted in the USDA greenhouse at Iowa State University to collect 
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trifoliolates that were bulked for each parent. The procedure used to process leaves from the 
parent plants was the same as used for the F2 plants. 
DNA extraction 
The protocol for DNA extractions used in previous research was followed (Kato and 
Palmer 2003a; 2003b; 2004). The extraction buffer was preheated for 10 min at 62 - 65°C 
[ 10% CT AB (hexadecyltrimethyl ammonium bromide), 1 % 1-10 phenanthroline, IM Tris-
HCL, 0.5MEDTA pH 8.0 and 5MNaCl] plus 1000:1 of ,6-mercaptoethanol, adding 3 mL of 
this extraction buffer to each sample tube. Sample tubes were mixed until a homogeneous 
solution was achieved, and incubated at 62 - 65°C in a water bath, shaking the samples every 
15 min. After 1 h, tubes were left at room temperature for 10 min. 
Subsequently, 20 mL chloroform: isoamyl alcohol (24: 1) was added to each sample in the 
hood, and gently mixed by hand. Sample tubes were placed in an orbital shaker for about 30 
min, until the color of the upper layer was much lighter than that of the bottom layer, and the 
sample was centrifuged at 4-10°C at 2,800 rpm for 15 min. After this, the upper layer was 
transferred to a new 15 mL tube. 
To precipitate the DNA, 3 to 4 mL of cold isopropanol (-20°C) were added, the tubes 
gently inverted and incubated at room temperature for at least 20 min. The next step was to 
hook the DNA out using a sterilized Pasteur pipette, and the DNA was placed into another 15 
mL tube containing 7.5 mL of 80% ethanol /15rnMNH4Ac, which was gently shaken on an 
orbital shaker to wash the DNA for at least 30 min. The DNA was hooked out into a 1.5 mL 
Eppendorf tube with lmL 80% ethanol and washed for 30 min. The DNA was then spin 
down, ethanol poured out, and the tube placed under the hood to dry for lh. 
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The last step was to dissolve the DNA in 1 mL TE buffer [Tris (hydroxymethyl 
aminomethanol ethylenediamin tetracetic acid)] (pH 8.0). The samples were allowed to stand 
for 15 days, at which time DNA concentration of each sample was tested. We diluted the 
DNA to obtain a concentration of 10 ng/µL for PCR analysis. Remnant DNA was kept at -
80°C for future use. 
SSR analysis 
The 116 and 114 F2 plants of Pop-1 and Pop2 were screened using single sequence 
repeats (SSRs) markers. The ms2 gene had been localized, and linked to the Pgml gene on 
the Classical Linkage Group (CLG) 15 (Sneller et al., 1992). Therefore, only 20 markers 
from the MLG 0 (Cregan et al., 1999) were selected, using as criteria for selection an 
approximate distance of 25 cM between each marker. For the Pop-3, the 148 F2 plants were 
screened using 229 markers, applying the same criterion for selecting the markers as done for 
Pop-1 and Pop-2. All 20 MLG were screened. 
At maturity, each plant was phenotypically scored as either sterile or fertile. This 
provided the necessary information to make an initial screening using DNA of the two 
parents and DNA of the two contrasted bulks. This screening was done as separate 
experiments for each of the loci. The contrasted bulks were DNA of plants with sterile 
genotype, and DNA of plants with fertile phenotype. The initial molecular screening was 
made using the two parents and the two contrasted bulks for each SSR marker to find 
polymorphisms between parents of each cross and to identify the SSR markers that could be 
linked to each of the ms2, and ms9 loci (Michelmore et al., 1991). 
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After screening, linkage between the ms2 locus Pop-1 and the SSR markers Satt477, 
Satt592, Satt581, Sattl53, Sat_231 , Sat_ 109, and Sat_ 190; and between the ms2 locus Pop-2 
and the SSR markers Sat_274, Satt153, Sat_231, Sat_109, Sat_190 and ScaaOOl were 
identified, all at the MLG 0. For the ms9 locus, linkage between the ms9 locus and the SSR 
markers Sat_033, Sat_236, Satt521, Sat_091, Sat_239, and Sat_241 was identified. All the 
markers corresponded to MLG N. Markers linked to ms2 and ms9 loci were used to screen 
individual F2 plants and to collect data to construct the molecular map. 
Each PCR reaction mixture had a volume of 13.75 µL composed of l.5µL of lOx buffer, 
1.0 µL ofMgCh, 1.0 µL of dNTP, 1.0 µL autoclaved filtered water, 0.05 µL Tag polymerase 
(Bioline, Inc., Randolph, MA), 4.6µL of primer (lµM), and 4.6µL of template DNA. A 
mi crop late of 96 samples containing the reaction mixture was vortexed for 3 s to mix well the 
reaction solution. The microplate was collocated to PTC-1 OOTM Programmable Thermal 
Controller (MJ Research, Inc., Waltham, MA), during 45 sat 94°C, 45 sat 47°C, and 45 sat 
68°C for 32 cycles. 
After PCR, the band patterns were checked by 2, 3, 4 or 5% agarose gels (Agarose 3: 1, 
Amresco Inc., Solon, OH), in lx TBE buffer [10 x TBE buffer (108 g Tris, 55 g boric acid, 
and 40 mL EDT A in 1 L deionized distilled water)]. The percentage of agarose gels depended 
on the difficulty of band separation. Also samples were run at 200-250 V/1 0 cm, and checked 
under UV light. 
Progeny Testing 
F3 seeds from individual F2 fertile plants were harvested, and planted in summer 2004 for 
Pop-1, and summer 2005 for Pop-2 and Pop-3 at the Bruner Farm, near Ames, Iowa. 
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Segregation for fertility/sterility in the progeny rows was used to determine the genotype of 
each fertile F2 plant; the expected phenotypic ratio in the F2 generation was 3: 1 (male-
fertile:male-sterile plants), and the expected genotypic ratio of the F2:3 population was 1:2:1 
[(Ms2Ms2:Ms2ms2:ms2ms2), and (Ms9Ms9:Ms9ms9:ms9ms9)]. 
Data analysis 
Each plant in the population was scored according to the alleles at the locus defined by 
the probe, i.e., a score of A was assigned if the plant was homozygous dominant, B if it was 
homozygous recessive, and H if it was heterozygous for the locus of interest. After scoring 
the population, recombination values were calculated to determine if a specific primer was 
linked to the gene of interest, using the Linkage-I program (Suiter et al., 1983). 
Mapmaker V3.0 (Lander et al., 1987) program was used to make the initial map, and a 
minimum logarithm of the odd ratio (LOD score) of 3 was used for accepting linkage 
between two markers as suggested by Kato and Palmer (2004). Recombination frequencies 
were converted to map distances in centiMorgans using Kosambi map function (Kosambi, 
1944). JoinMap® 3.0 (Van Ooijen and Voorrips, 2001) was used to make an integrated map, 
or/and to make a final map. 
Results 
Molecular mapping of the ms2 locus (Pop-1 and Pop-2). 
Chi-square calculations from the F2:3 population's progeny test and the F2 populations 
molecular screenings of Pop-1 and of Pop-2 with 116 and 114 individuals, respectively 
showed a good fit to the genotypic ratio of 1 male-fertile, female-fertile homozygote:2 
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heterozygotes: 1 male-sterile, female-fertile homozygote ratio with i = 2.82 and P = 0.31 for 
Pop-1, and i = 0.93 and P = 0.61 for Pop-2 (Tables 2 and 3). Information for Pop-1 and 
Pop-2 was combined and integrated using JoinMap® 3.0 (Van Ooijen and Voorrips, 2001), 
resulting a i value of 1.21 with P = 0.59 (Table 4 ). 
The molecular screening of the two parents and the two contrasted bulks for each SSR 
marker ofMLG 0 between the parents of Pop-1, indicated linkage between the ms2 locus 
and the SSR markers Satt477, Satt592, Satt581, Satt153, Sat_231 , Sat_l09, and Sat_ l90. In 
Pop-2, linkage between the ms2 locus and SSRs markers Sat_274, Sattl53, Sat_231, 
Sat_ l 09, Sat_ 190 and ScaaOO 1 was shown. 
Independent maps were made by JoinMap® 3.0 (Van Ooijen and Voorrips, 2001), and 
showed that for Pop-1, the ms2 locus was located at 9.86 cM of distance of the maker 
Sat_l90, at the end of the linkage group (Figure la). For Pop-2, the ms2 locus was located 
between the markers Sat_ 190 and ScaaOO 1 with a distance of 6.87 and 8.99 cM, respectively 
(Figures 1 b ). 
A map constructed to integrate both populations showed that the ms2 locus was linked to 
markers Satt477, Satt592, Satt581, Sat_274, Sattl53, Sat231, Sat_ l09, Sat_ l90, and 
SacaaOO 1, and specifically located by 8.42 cM of Sat_ 190 and 8.55 cM of ScaaOO 1 (Figure 
le and ld). The results by JoinMap were similar to the maps constructed by Mapmaker V3.0 
(Lander et al., 1987). 
Molecular mapping of the ms9 locus (Pop-3). 
The F2:3 progeny test and the F2 population molecular data gave Chi-square calculations 
from 148 plants, showed a good fit to the genotypic ratio of 1:2:1, indicating the F2:3 
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segregation for the ms9 gene fit a 1 male-fertile, female-fertile homozygote:2 heterozygotes: 1 
male-sterile, female-fertile homozygote ratio with;.( = 4.55 and P = 0.99 (Table 5). 
Initial molecular screening of the two parents and the two contrasted bulks for each SSR 
marker showed 48% of polymorphism between the two parents of the cross Minsoy and 
T359H for the population carrying the ms9 gene. These results were used to identify the 
molecular linkage group and the SSR markers that could be linked to the ms9 locus. 
Screening of the F2 population indicated linkage between the ms9 locus and SSRs markers 
Sat_033, Sat_236, Satt521, Satt237, Sat_091, Sat_239 and Sat_241 at the MLG N. These 
were the markers used for screening individual plants of Pop-3 (Table 5). A map was 
constructed using Join Map® 3.0 (Van Ooijen and Voorrips, 2001). The ms9 locus was 
located between markers Sat_236 and Satt521, with a distance of 19.68 and 6.30 cM, 
respectively (Figure 4). 
Discussion 
The ms2 integrated linkage map at MLG 0 constructed by Join Map® 3.0 (Van Ooijen 
and Voorrips, 2001) showed that, with the exception of Sat_ 231, SSRs markers had the same 
order as the USDA-ARS-ISU soybean molecular map for MLG 0. Map distances between 
primers was not the same, probably because the two maps were derived from different 
crosses. The USDA-ARS-ISU soybean molecular map was constructed with 59 F2 plants 
derived from the mapping population of the interspecific cross of A81-356022 (Glycine max) 
and PI 468.916 (G. soja) (Cregan et al., 1999). Pop-1 and Pop-2 were derived from crosses 
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between two G. max parents, and included 116 F 2 plants for Pop-1, and 114 F 2 plants for 
Pop-2, respectively. 
The populations used to map the ms2(A00-63) and the ms2(A00-39) loci had common 
polymorphic markers, Sat_274, Satt153, Sat_231, Sat_109, Sat_190, and Sat_l90. This 
information suggests that ms2(A00-39) is an allele of ms2(A00-63). Genetic allelism tests of 
A00-39 with A00-63, confirmed that these two mutants are alleles at the ms2 locus (R.G. 
Palmer, personal communication, 2005). The results provided more accurate map distances 
and localized the ms2 locus at position 137.52 cM of the MLG 0 (Cregan et al., 1999). 
Results from the molecular map had a high coincidence with the estimated linkage of 18.72 
cM (±2.4 cM) between the phosphoglucomutase (Pgml) and the ms2 locus on CLO 15 
(Sneller et al., 1992). Unfortunately, the linkage between Pgml and ms2 does not appear 
complete enough to use the Pgml genotype to indirectly select male-sterile plants with a high 
degree of certainly. 
The ms9 linkage map at MLG N made by Mapmaker V3.0 (Lander et al., 1987) showed 
that, with the exception of Sat_ 236 and Sat_ 241, SSRs, markers had the same order as the 
USDA-ARS-ISU soybean molecular map MLG N, but map distances between primers were 
not the same. The USDA-ARS-ISU map was derived from an interspecific cross G. max and 
G. soja (Cregan et al., 1999). Our population included 148 F2 plants derived from the cross 
Minsoy x T359H Ms9ms9, which is G. max x G. max. The ms9 locus was localized in a 
chromosomal region that is less saturated which made it difficult to find a tight linkage 
between this locus and SSRs markers close to the resistance Pseudomonas syringae pv 
glycinea locus (Rpg4) (Keen and Buzzell, 1991). The ms9 and Rpg4 genes are not linked. 
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Table 1. The F2 populations for mapping the ms2 and ms9 male-sterile genes. 
Population Cross 
~ 0 
Pop-1 ms2ms2(A00-39) x Minsoy 
Pop-2 ms2ms2(A00-63) x Minsoy 
Pop-3 Minsoy x Ms9ms9(AOO-73) 
Source of the 
male-sterile 
mutant 
ASR-10-483-1 * 
L75-0587** 
T359H*** 
*Found among progeny of a germinal revertant ofT322 (w4-m) 
**Isoline collection; Beeson isoline, L 75-0587; USDA, Urbana, Illinois. 
Grown 
Fall 2003 
Fall 2004 
Summer 2004 
***T359H refer to genetic type collection number; UDA-ARS, Ubana, Illinois. 
Population Target 
size genes 
116 ms2 
114 ms2 
148 ms9 
\.;..) 
Vi 
36 
Table 2. Segregation of the ms2 locus linked to SSRs markers on MLG 0 in Pop-1 derived 
from the cross ARS-10-483 ms2ms2(A00-39) x Minsoy. 
Segregation a 
Distance Number 
Marker A H B ;I (1:2:1) p 
(cM) of plants 
Satt477 19.34 24 62 30 116 1.33 0.56 
Satt592 6.27 25 63 28 116 1.07 0.6 
Satt581 19.80 30 61 25 116 0.82 0.69 
Satt153 9.52 29 59 28 116 0.05 0.97 
Sat 231 0.63 29 63 24 116 1.44 0.52 
Sat 109 2.19 28 63 25 116 1.07 0.6 
Sat 190 9.86 25 69 22 116 4.62 0.11 
ms2 0.00 30 64 22 116 2.82 0.31 
a Genotypes: A, homozygous for the allele from Minsoy; H, heterozygous; B, homozygous for the 
allele from the ms2 locus. 
37 
Table 3. Segregation of the ms2 locus linked to SSRs markers on MLG 0 in Pop-2 derived 
from the cross Beeson ms2ms2 (A00-63) x Minsoy. 
Segregation a 
Distance Number 
Marker A H B i (1:2:1) p 
(cM) of plants 
Sat 274 18.30 31 58 25 114 0.71 0.72 
Sattl53 10.62 28 64 22 114 2.7 0.3 1 
Sat 231 9.28 35 53 26 114 1.75 0.37 
Sat 109 3.43 33 57 24 114 1.46 0.49 
Sat 190 6.87 33 55 26 114 0.93 0.61 
ms2 0.00 33 55 26 114 0.93 0.61 
ScaaOOl 8.99 36 55 23 114 2.95 0.21 
a Genotypes: A, homozygous for the allele from Minsoy; H , heterozygous; B, homozygous for the 
allele from the ms2 locus. 
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Table 4. Segregation in Pop-1 and Pop-2 for the ms2 locus linked to SSRs markers from an 
integrated map for MLG 0. 
Segregation a 
Distance Number 
Marker A H B t (1:2:1) p 
(cM) of plants 
Satt477 19.34 24 62 30 116 1.33 0.56 
Satt592 6.27 25 63 28 116 1.07 0.60 
Satt581 0.04 30 61 25 116 0.82 0.69 
Sat 274 19.05 31 58 25 114 11.15 0.58 
Sattl53 10.06 29 61 25 115 0.77 0.70 
Sat 231 2.66 32 58 25 115 0.90 0.65 
Sat 109 2.79 30 60 25 115 0.72 0.72 
Sat 190 8.42 29 62 24 115 1.27 0.57 
ms2 0.00 31 60 24 115 1.21 0.59 
ScaaOOl 8.55 37 56 24 117 2.22 0.21 
a Genotypes: A, homozygous for the allele from Minsoy; H, heterozygous; B, homozygous for the 
allele from the ms2 locus. 
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Table 5. Segregation of the ms9 locus linked to SSRs markers on MLG Nin Pop-3 derived 
from the cross Minsoy x T359H Ms9ms9. 
Segregation a 
Distance Number 
Marker A H B t (1:2:1) p 
(cM) of plants 
Sat 033 28.00 27 79 42 148 5.10 0.16 
Sat 236 19.68 41 77 30 148 2.14 0.39 
ms9 0.00 39 62 47 148 4.55 0.09 
Satt521 6.30 31 76 41 148 1.60 0.48 
Satt237 11.76 37 73 38 148 0.04 0.98 
Sat 091 4.33 34 73 41 148 0.67 0.71 
Sat 239 10.56 40 63 45 148 3.57 0.16 
Sat 241 6.06 36 72 40 148 0.31 0.85 
a Genotypes: A, homozygous for the allele from Minsoy; H, heterozygous; B, homozygous 
for the allele from the ms9 locus. 
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MLGO 
Satt477 Sat 274 Satt477 
18.30 -
19.34 - 19.34 -
a) b) c) d) 
Figure 1. Soybean molecular linkage group 0 constructed by JoinMap. a) ms2 locus from 
Pop-1, cross ARS-10-483 m2ms2 x Minsoy; b) ms2 locus at Pop-2, cross Beeson m2ms2 x 
Minsoy ; c) Integrated map of the two populations for the ms2 locus; d)MLG 0 from the 
USDA-ARS-ISU map (Cregan et al., 1999). Distances showed in centiMorgans (cM). 
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MLGN 
Sat 033 
28.00 -
Sat 236 
19.68 -
ms9 
6.30-
Satt521 
11.76 -
Sat237 
4.33-
Sat 09 
10.56 -
6.06- 15 cM 
Sat 241 
a) b) 
Figure 2. Soybean molecular linkage group N constructed by JoinMap. a) ms9 locus, from 
the cross Minsoy x T359H Ms9ms9; b) MLG N from the USDA-ARS-ISU map (Cregan et 
al., 1999). Distances showed in centiMorgans ( cM). 
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CHAPTER IV 
CONCLUSIONS 
The ms3 mutation segregated as a single-recessive gene with a ratio of 1 male-fertile, 
female-fertile homozygote:2heterozygotes:1 male-sterile, female-fertile homozygote. The 
ms3 locus was located between the markers Satt157 and Satt542, with a distance of 13.0 and 
21.6 cM, respectively on MLG D 1 b. An integrated map showed a distance between the ms3 
and Fspl loci of 23.63 cM, and the Join Map of the ms3, Fspl, and msMOS loci 
demonstrated that they are effectively localized in the same chromosomal region. 
Recombination percentage of 9.04% (± 0.01) was found between the Fspl and msMOS loci. 
Both ms2 genes and the ms9 gene gave good fits to their respective genotypic ratios of 1 
male-fertile, female-fertile homozygote:2 heterozygotes: 1 male-sterile, female-fertile 
homozygote. The ms2 locus was located at 8.42 cM of Sat_l90 and 8.55 cM of ScaaOOl on 
MLG 0, confirming the association between the phosphoglucomutase (Pgml) and the ms2 
loci. 
The ms9 locus was located on MLG N between markers Sat_236 and Satt521, with a 
distance of 19.68 and 6.30 cM, respectively. However, this is a chromosomal region less 
saturated, which makes it difficult to find a tight linkage between this locus and SSRs 
markers close to the resistance Pseudomonas syringae pv glycinea locus (Rpg4) 
chromosomal region. 
